The trigonal planar geometry of the nitrogen atom in commonly used phosphoramidite ligands is not in line with the traditional valence shell electron pair repulsion (VSEPR) model. In this work, the effects governing nitrogen configuration in several substituted aminophosphines, A 2 PNB 2 (A or B ¼ H, F, Cl, Br, Me, OMe, BINOP), are examined using modern computational analytic tools. The electron delocalization descriptions provided by both electron localization function (ELF) and block localized wavefunction analysis support the proposed relationships between conformation and negative hyperconjugative interactions. In the parent H 2 PNH 2 , the pyramidal nitrogen configuration results from nitrogen lone pair electron donation into the s * P-H orbital. While enhanced effects are seen for F 2 PNMe 2 , placing highly electronegative fluorine substituents on nitrogen (i.e., Me 2 PNF 2 ) eliminates delocalization of the nitrogen lone pair. Understanding and quantifying these effects can lead to greater flexibility in designing new catalysts.
INTRODUCTION
Chiral phosphoramidite ligands widely used in asymmetric synthesis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] (Fig. 1 ) possess a nitrogen atom in a trigonal planar conformation. Although this planarity may appear counterintuitive, and in disagreement with the valence shell electron pair repulsion (VSEPR) model, [14] it is directly related to the electronic properties of the neighboring phosphorus atom and the Lewis acidity of the substituent. In the context of enantioselective catalysis, the experimental emphasis is generally placed on the chirality (L1) or atropoisomerism (fixed, i.e., L2 or induced, i.e., L3) of the phosphorous group as well as on the modification of the amino functionality. However, understanding the stereoelectronic effects that govern nitrogen configuration is also of great interest for ligand design.
Atoms possessing lone-pairs of electrons are known to prefer structures where favorable orbital orientations allow for delocalization of the electron lone pair into an energetically low-lying s * orbital. These orbital interactions govern, for instance, the conformational preference of a-glucosides over ß-glucosides and are collectively known as the anomeric effect, the generalized anomeric effect, or negative hyperconjugation. [15] [16] [17] [18] [19] [20] [21] [22] In an a-glucoside, the electron density is donated from the ring oxygen lone pair to the s * orbital between the carbon atom and the polar oxygen atom. This favorable interaction is maximized when the recipient s * orbital is in the axial position, thus a-glucosides are preferred energetically over ß-glucosides. However, this type of interaction exists not only in glucosides but are prevalent throughout chemistry. Roberts et al. [23] first used negative hyperconjugation (also referred to as double-bond no-bond resonance) to explain electrical effects in trifluoromethyl groups. Dewar examined negative hyperconjugation (p p ! d p bonding) and other stereochemical factors influencing the P-N rotational barrier in aminophosphines. [24] [25] [26] [27] Negative hyperconjugation has also been used to explain conformational preferences of fluoroalkyl groups, fluoroamines, [28] aminoborane, [29, 30] alkyl-lithium complexes, [31] phosphazenes, [32, 33] and pyridinium methylides, [34, 35] to name only a few. In this paper, recent computational methodologies are used to examine the role of lone-pair delocalization and other stereoelectronic effects that establish nitrogen planarity in aminophosphines and phosphoramidite ligands.
COMPUTATIONAL METHODOLOGIES
Computations employing the hybrid-GGA density functional B3LYP [36, 37] and second order Møller-Plesset perturbation theory (MP2) [38] were performed with the 6-31G(d), [39, 40] 6-311 þ G(d,p), [41, 42] 6-311þþG(3df,3pd), [43, 44] DZ, [45, 46] DZP, [45] [46] [47] ccpVDZ, [48] and cc-pVTZ [48] basis sets, using Gaussian03 [49] and GAMESS-US. [50, 51] Stationary points were characterized as minima on the corresponding potential energy surfaces by vibrational analysis at the same levels. The electron localization function (ELF) was analyzed with the TopMod [52] program using density matrices obtained from Gaussian orbital computations. The ELF, which was introduced by Becke and Edgecombe as a 'simple measure of electron localization in atomic and molecular systems' [53, 54] is defined as:
It is a useful tool which provides deeper insight into the nature of the chemical bonding in a variety of stationary and reacting systems. ELF(r) can be conveniently written (and interpreted) for monodeterminantal wavefunctions in terms of the excess of local kinetic energy density arising from the Pauli repulsion, t(r), with the Thomas-Fermi kinetic energy density, t h (r), chosen as a reference. Hence, ELF(r) ¼ 0 in those regions where the relative probability of finding electrons with parallel spin close together is high (i.e., where the local Pauli repulsion is strong), whereas ELF(r) ¼ 1 in those regions with a high probability of finding a single electron or a pair of opposite spin electrons. The analysis of the ELF gradient field, 5ELF(r), provides a division of the molecular space into basins of attractors (i.e., maxima), which can be thought of as corresponding to atom core, valence, bonding, and non-bonding regions. There is, in principle a one-to-one correspondence between the VSEPR electronic domains and the valence basins of the ELF function. Indeed, the VSEPR model relies on a distribution of the valence electron pairs among bonding and nonbonding electron domains, [55] which are defined as the region of space in which the probability of finding an (opposite spin) electron pair is high. In the ELF analysis, the valence basins are characterized by the number of atomic valence shells in which they participate. This number is called a synaptic order and includes, for instance, mono-and di-synaptic basins, etc. Monosynaptic basins, labeled V(A), correspond to the lone pair of the Lewis acid model. Disynaptic basins, labeled V(A,X), correspond to two-center bonds, etc. The hierarchy of the basins is reflected in tree-diagrams (or bifurcation diagrams) that are built based on the ELF values at critical points located on the separatrix between two basins (i.e., the separation between the different localization domains). The higher the separation (bifurcation) value, the higher the expected degree of delocalization of electron pairing between these domains. [56] The geometric and energetic effects of p-electron delocalization are measured using the block-localized wavefunction (BLW) approach of Mo et al. [57, 58] BLW is a molecular orbital-based procedure for obtaining valence bond quantities that represents a unique approach for probing electron delocalization in chemical systems. It allows for the localization of electrons in specific regions of the molecular system, which may, for example, include 2p electrons in a C --C bond, or an electron lone pair. The wavefunction and geometries of these localized structures can then be optimized at the DFT level, allowing for the direct assessment of the geometric and energetic effects resulting from electron delocalization. This procedure has previously been incorporated in studies of the unusually short C-C bond in tetrahedranyltetrahedrane [59] as well as to study the roles of negative hyperconjugation (n ! s * ), p p ! d p bonding, and stereoelectronic interactions in trisilylamine. [60] Here, we compare the BLW-B3LYP/6-311 þ G(d,p) and B3LYP/6-311 þ G(d,p) geometries and energies to analyze the effects associated with nitrogen and phosphorus lone pair delocalization. The larger phosphoramidite ligands were optimized at both the B3LYP/ 6-31G(d) and B3LYP/3-21G level, with both basis sets giving the same geometrical trends. Due to technical limitations, BLW computations on these ligands are performed only at the BLW-B3LYP/3-21G level and compared to the B3LYP/3-21G geometries (vide infra).
RESULTS AND DISCUSSION
Previous theoretical studies on aminophosphines have debated the structure of the parent aminophosphine, H 2 PNH 2 , [33, [61] [62] [63] [64] [65] [66] [67] [68] [69] which is known to favor an orthogonal pyramidal configuration by $5 kcal mol À1 over the antipyramidal structure (as shown in Figs 2 and 3). [70] Early studies on this parent compound also highlighted the importance of using basis sets possessing polarization functions, [68] which are necessary on both phosphorus and nitrogen atoms to obtain the correct molecular Figure 1 . Examples of widely used phosphoramidite ligands [1, 2, 3] derived from secondary amine. [79] Geometrical parameters are given at the B3LYP/ 6-31G(d) level. Hydrogen atoms do not appear for clarity. This figure is available in colour online at www.interscience.wiley.com/journal/poc geometry. A key characteristic geometrical feature is the w(B i NPB 0 ) dihedral angle, a measure of pyramidality of the nitrogen atom. With the exception of the Dunning DZ (which predicts a planar nitrogen structure), all basis sets predict a pyramidal configuration for nitrogen, with values ranging from 121 to 1368 (as shown in Table 1 ). Also, the same overall trends are given by both MP2 and B3LYP.
To clearly understand the preference of H 2 PNH 2 for the ortho pyramidal configuration (Fig. 2) , the geometries, and energies of several aminophosphines with distinct substituents have been investigated. Methyl and halogen substituents have been chosen based on their contrasting electronic properties. Replacement of the hydrogen atoms in H 2 PNH 2 (1) with halogens and methyl groups (i.e., X 2 PNMe 2 and Me 2 PNX 2 (X ¼ F, Cl, Br)) alters the pyramidality (the w(B i NPB 0 ) dihedral angle) of the substituted aminophosphine.
For instance, in all X 2 PNMe 2 aminophosphines the nitrogen atom pyramidality is smaller (more planar) than in 1 (Table 2 and Fig. 3 ). In contrast, when halogens are bonded directly to nitrogen, its pyramidality is greatly enhanced (less planar). Fluorine produces the most dramatic change in pyramidality between F 2 PNMe 2 (2) and Me 2 PNF 2 (3) (from 174.28 in 2 to 108.38 in 3). While the emphasis is first placed on the two limiting cases 2 and 3 along with the parent molecule 1, further analysis are provided on a representative phosphoramidite ligand and its derivatives.
The topological analysis of ELF provides a clear picture of bonding that can be rationalized through the analysis of basin bifurcations (i.e., separation, shown above). Figure 4 shows the ELF isosurface for 1. As expected, this system is characterized by the presence of a disynaptic valence basin, V(P,N), together with two monosynaptic basins, V(P) and V(N), for the corresponding lone pairs. As displayed in the bifurcation diagram, the first separation occurs at the ELF critical value of 0.56, where the phosphorus region is separated from the rest of the system. The second bifurcation occurs at the ELF critical value of 0.77 for the domain associated to the P-H 0 bond. The later domain is slightly more localized than that associated with the P-H i bond. This small difference as well as variation between the P-A i and P-A 0 bond lengths in 1 suggest a significant delocalization of the nitrogen lone pair into the s * P-A i orbital (as shown in orbital scheme on Fig. 3) . Such anomeric effect stabilizes the pyramidal form and explains the elongation of the P-A i bond length with respect to P-A 0 (1.434 vs. 1.423 Å , Table 2 ). Note that the ELF tree-diagram also shows that the nitrogen lone pair is clearly more delocalized than the phosphorus lone pair.
In addition to the geometrical parameters and the ELF analysis, useful insights can be provided using the block localized wavefunction method. The latter approach is used to directly quantify and further rationalize the effect of electron delocalization influencing nitrogen planarity in the limit cases 1, 2, and 3. The geometric and energetic influences of electron delocalization can be evaluated by comparing the geometry and energy of the BLW-B3LYP diabatic states where the nitrogen lone pair is forbidden from delocalization with the B3LYP adiabatic state (where the N lone pair is delocalized). The constrained localization of the nitrogen lone pair in 1 leads to significant structural variation. In the diabatic state, the electron lone pair of the nitrogen atom is strictly localized and the N-P bond is thus a 'pure' N(sp 2 )-P(sp 3 ) single bond. Consequently, the P-N bond length is significantly longer (by 0.03 Å ) and the P-A i shorter (by 0.01 Å ) than in the adiabatic state. Energetically, the delocalization energy of the nitrogen lone pair in 1 is slightly superior to 10 kcal mol À1 , a magnitude similar to the conventional (positive) hyperconjugation in propene, which has been recently investigated with the same methodology. [57, 71] F 2 PNMe 2 (2) F 2 PNMe 2 has a nearly planar nitrogen atom and a double bond like character for the P-N bond (Table 2, 1.663 Å ). The ELF isosurface for 2 is typical (as shown in Fig. 4 ) of sp 2 -atom containing molecules with the presence of two V(N) basins, one above and one below the nitrogen core. [72] The planar symmetry at the nitrogen indeed implies that the probability of finding a basin above the plane be matched by an equal probability below the plane. The bifurcation diagram, which gives the critical value related to the partition of the V(N) and V(P,N) domains indicates that the nitrogen lone pair in 2 (0.88) is more delocalized than that in 1 (0.86). These enhanced delocalization associated with the short P-N bond, clearly support a negative hyperconjugative interaction from the nitrogen lone pair into a three-center antibonding s XPX orbital (Fig. 3) . The immediately consequences is a large lone pair delocalization energy ($30 kcal mol À1 at the BLW-B3LYP/6-311 þ G ** level). This interaction, previously discussed in Reference [69] favors the planar configuration, and is triggered by the strongly attracting phosphorous substituents.
The evidence for such n N !s Ã FPF negative hyperconjugation also challenges the concept of p p -d p bonding as initially proposed to explain the planar structures of silylamines. [73] [74] [75] [76] In the localized structure (Fig. 3) , the localization of the nitrogen lone pair increases the P-N bond by 0.044 Å and significantly shortens the P-F bonds as expected in the case of a n N !s Ã FPF interactions. Cl 2 PNMe 2 and Br 2 PNMe 2 are also characterized by a short P-N bond (Table 2) however, the nitrogen atom shows a larger deviation from planarity.
Me 2 PNF 2 (3)
In the molecule with the opposite groups coordinated to the nitrogen and phosphorous atoms, the long P-N bond length (1.830 Å ) suggests that the nitrogen lone pair is not delocalized as in the previous cases. Figure 4 illustrates also the topology of the ELF domains for 3. Clearly, the organization of attractors around the nitrogen atom is similar to that in 1. However, in the case of 3, the ELF critical value related to the separation of the V(N) and V(P,N) domains (0.84) is lower than the corresponding value for 1 (0.86) indicating that the nitrogen lone pair in 3 is more localized than in 1 and 2. In contrast, the critical value associated with V(P) is larger in 3 than in 2.
Instead of the nitrogen lone pair delocalization, two competitive effects maximize the w(FNPF) dihedral angle and the barrier to planarity (19.1 kcal mol À1 at the B3LYP/ 6-311 þ G(d,p) level): (i) the favorable geminal fluorine-fluorine negative hyperconjugation interaction between the nonbonding electron pair on fluorine and the vacant s * -orbital of the adjacent N-F bond (n F !s Ã NF , Fig. 3 ). Such anomeric effects are also known to stabilize methylene chloride and CH 2 F 2 [77] and are consistent with the significantly shorter N-B 0 ( --F) bond length (1.415 Å in Table 2 ) as compared to NFH 2 (1.433 Å at the same level). (ii) The second effect involves an increase in phosphorus lone pair delocalization (n P !s Ã NB i ¼ F ) in comparison with 2 resulting in a deviation between N-B i and N-B 0 bond. Two localized structures ( Fig. 3) with respectively the lone pair of the fluorine and phosphorus atoms blocked illustrate these cooperative effects resulting in the lengthening/shortening of the N-F i (Fig. 3) .
Phosphoramidite ligands
The above discussion on simple aminophosphines cannot be fully generalized to phosphoramidite ligands unless oxygencontaining substituents are considered. Thus, the replacement of the halogen atoms by methoxy groups such as in (MeO) 2 PNMe 2 (4) and Me 2 PN(OMe) 2 (5) represent a logical extension to 2 and 3. Such a modification does not influence the main stereoelectronic trends significantly, and highlights the importance of the electronegativity of the substituent. In 4, the electron delocalization of the nitrogen lone pair into the asymmetrical three-center antibonding s Ã OPO orbital leads to intermediary electronic effects as compared to H 2 PNH 2 (1) and F 2 PNMe 2 (2): the w(CNPC) dihedral angle (156.98, Table 2 ) as well as the P-N bond length (1.691 Å ) are in between the geometrical parameters of the two benchmark compounds. Similarly, the blocking of the nitrogen lone pair results in a slightly attenuated (or intensified) lengthening of the P-N bond (0.04 Å ) and shortening of the two P-O bond lengths (0.021 and 0.009 Å ) as compared to 2 (or 1) (Fig. 3) . Finally, the bifurcation diagram of 4 also gives intermediary critical values for the V(P), V(N), and V(P,N) as compared to 1 and 2 (Fig. 5) .
In sharp contrast, the geometrical parameters in 5 are reminiscent of 3 with a long P-N bond length (1.776 Å ) and a pyramidal nitrogen (w(FNPF) ¼ 1348) suggesting that the nitrogen lone pair is not delocalized into the phosphorous side. According to the ELF bifurcation diagram (Fig. 5) , the phosphorous and nitrogen lone pairs are respectively more and less delocalized than in 4. The BLW data further indicates that the nitrogen lone pair interacts with the oxygen lone pairs rather than with the phosphorous side. Consequently, the blocking of the nitrogen lone pair in 5 only marginally affects the length of the P-N and P-C bonds but significantly alters the N-O bond lengths (Fig. 3) . Akin to 3, the delocalization of the phosphorous lone pair into the nitrogen side (n P !s Ã N À OMe ) results in a deviation between N-B i and N-B 0 bond.
From the electronic point of view, the phosphoramidites ligands commonly used in catalysis (e.g., L1, L2, and L3, shown in Figs. 1 and 6) are more like 2 and 4 with the electron withdrawing groups on the phosphorous enhancing the n N !s Ã XPX negative hyperconjugation and enforcing both the planar configuration of the nitrogen atom (>1608) as well as the double-bond character of the P-N bond length (<1.695 Å , Fig. 1 ). These effects can be further demonstrated by the blocking of the nitrogen lone pair in, for instance, L3 resulting in a significant increase of the P-N bond distance and shortening of the P-O bond lengths. Also, the ELF bifurcation values for the V(P), V(N), and V(P,N) domains are the same as for 4 (Fig. 7) .
Unsurprisingly, contrasting trends are obtained for the constitution isomer L3( having the p-attractor BINOP-derivative bonds to nitrogen instead of phosphorous and reciprocally for the nitrogen electron-donating substituents. In line with the trends observed for the compound 5, L3( has a pyramidal nitrogen atom (' B 0 NB i P ¼ 120:58) and a much longer P-N bond length (1.816 Å ) (Fig. 6) than L3 (1.693 Å ) . The ELF analysis indicates that the phosphorous lone pair is more delocalized than in L3 (Fig. 7) , while the opposite trend is found for the nitrogen lone pair. These trends nicely illustrate that both the w(RNPR) dihedral angle and the barrier to nitrogen planarity could be easily tuned by alternating the substituents. While the use of such ligands with the electron donating groups coordinated to phosphorous rather than nitrogen have never been used in catalysis, studies focusing on the fundamental electronic factors characterizing the phosphoramidite ligands and their constitution isomers remain undoubtfully important following the continuous interest in (stereoelectronic) ligand design. [78] 
CONCLUSIONS
The stereoelectronic effects that control nitrogen configuration in aminophosphines and phosphoramidite ligands have been investigated and identified on three benchmark derivatives H 2 NPH 2 (1), F 2 PNMe 2 (2), and Me 2 PNF 2 (3) using electronic structure theories. While the nitrogen configuration changes from pyramidal in both 1 and 3 to quasi-planar in 2, both ELF and BLW analysis show that negative hyperconjugation interactions are largely responsible for determining the degree of nitrogen pyramidalization. Substitution of aminophosphines by less electronegative, heavier halogen atoms produces similar although less pronounced changes to nitrogen configurations to those with fluorine.
The alteration of functional groups also influences the negative hyperconjugative interactions as well as the nitrogen atom configuration in widely used phosphoramidite ligands and derivatives (e.g., MeO 2 PNMe 2 (4) and Me 2 PNMeO 2 (5)). The identification of the electronic factors governing the structure of such ligands is of primary importance for the design of novel catalysts.
